Abstract Purpose: The aim of the current study was to externally validate the value of survivin as a prognostic marker for bladder cancer in a large multi-institutional cohort of patients treated with radical cystectomy. Methods: The study comprised 726 patients treated with radical cystectomy and bilateral pelvic lymphadenectomy. Survivin staining and scoring were done with automated systems coupled with advanced color detection software. Specimens showing at least 10% reactivity were considered altered. Predictive accuracy was quantified using the concordance index and 200-bootstrap resamples were used to reduce overfit bias. Results: Survivin was an independent predictor of disease recurrence and cancer-specific survival in multivariable analyses that controlled for the effects of standard clinicopathologic features (hazard ratios, ∼1.6; P values ≤ 0.002). In all patients (n = 726), addition of survivin to a model including standard clinicopathologic variables did not improve its predictive accuracy (P = 0.67 for disease recurrence and P = 0.27 for cancer-specific survival). In the subgroup of patients with pT 1-3 N 0 M 0 disease (n = 398), addition of survivin improved the accuracy of standard clinicopathologic features for prediction of disease recurrence and cancer-specific survival (1.3%, P < 0.001 and 1.2%, P < 0.001, respectively). Conclusions: Survivin expression improves our accuracy for prediction of cancer recurrence and survival in pT 1-3 N 0 M 0 patients by a small but statistically significant margin. Our findings support the need for further evaluation of survivin and its signaling pathways as well as survivin-targeted therapies in bladder cancer. (Clin Cancer Res 2009;15(22):7012-9) 
In the United States, urothelial carcinoma of the bladder (UCB) is expected to affect 68,810 patients in 2008, resulting in 14,100 deaths (1) . Radical cystectomy is the standard treatment for patients with refractory non-muscle-invasive and muscle-invasive UCB. Despite advances in the surgical techniques and perioperative chemotherapy, overall 10-year diseasespecific survival after radical cystectomy remains ∼45% (2-5). Standard prognostic features, such as pathologic stage and grade, have limited ability to predict outcome of these patients. Therefore, it is important to understand the molecular events that explain the clinical heterogeneity of these lethal tumors. Molecular biomarkers predictive of outcomes could help clinicians to provide individualized prognostications and allow risk-stratified clinical decision-making regarding adjuvant therapy (6) (7) (8) (9) .
Alterations in apoptosis are important in carcinogenesis, as they allow neoplastic cells to survive longer, develop resistance to stress, and increase invasiveness, resulting in disease progression and metastasis (10) . Survivin is a member of the inhibitor of apoptosis family of proteins (11) . Because of its selective and substantial upregulation in UCB and its causal role in cancer progression, survivin is currently undergoing intensive investigation as a possible tumor marker and target for therapy (12, 13) . Numerous small retrospective studies suggest that measurement of survivin in urine or tissue may be valuable in cancer diagnosis, prognosis, and prediction of response to intravesical or systemic therapies (14) . We have previously investigated survivin expression in a single-institutional retrospective study of patients treated with radical cystectomy and found it to be independently associated with UCB progression and mortality (15) .
Despite the increasing number of published studies that have added to the general knowledge about molecular markers in UCB, none of these markers are used for individualized treatment recommendations. This is largely due to the lack of external validation in large, multicenter studies. Therefore, the aims of the current study were to externally validate the value of survivin as a prognostic marker for UCB in a large multiinstitutional cohort of patients treated with radical cystectomy for UCB. In addition, we tested whether survivin could improve the accuracy of predictive models that include standard histopathologic features for prediction of disease recurrence and cancer-specific survival in patients with UCB.
Materials and Methods
Patient population. All studies were done after approval by a local human investigations committee and in accord with an assurance filed with and approved by the Department of Health and Human Services, where appropriate. Informed consent was obtained from each subject. The study cohort was composed of 786 patients who underwent radical cystectomy and bilateral pelvic lymphadenectomy between October 25, 1983 and July 7, 2005 at five participating institutions. No patients received external beam radiation before or after surgery. Patients treated with neoadjuvant systemic chemotherapy (n = 60) were excluded leaving 726 patients for analysis. A separate analysis was done for patients with pT 1-3 N 0 M 0 who did not receive adjuvant chemotherapy (n = 398).
Histology, tumor grade, tumor stage, and presence of carcinoma in situ were confirmed by blinded centralized re-review of the original pathology slides. Staff pathologists with expertise in genitourinary pathology examined all specimens according to previously published protocols (16) . The 2002 TNM classification was used for pathologic staging and the 1973 WHO classification was used for pathologic grading. Clinical follow-up protocol was described elsewhere (5) . Briefly, patients were seen postoperatively at least every 3 to 4 months for the first year, semiannually for the second year, and annually thereafter. Detection of cancers in the ureter and urethra was coded as second primaries and not as local or distant recurrence.
Immunohistochemistry and scoring. Immunostaining for the study cohort was done in a single laboratory (Veripath Laboratories, University of Texas Southwestern Medical Center) on tissue microarray slides. Immunostaining was done on the DAKO Autostainer (DAKO North America) using anti-survivin polyclonal rabbit antibody (Novus Biologicals) at a dilution of 1:100 (17) . Optimum primary antibody dilutions were predetermined using known positive control tissues. Multiple known positive control sections were included in each run. Tumor sections with the primary antibodies substituted with rabbit immunoglobulin fraction (Normal) and/or IgG1 monoclonal were used as negative controls. We used bright-field microscopy imaging coupled with advanced color detection software (Automated Cellular Imaging System; Clarient). We obtained the mean, maximum, range, and SD of staining intensity and percent positive area/area measurements by using 10 random hotspots within each specimen. The mean was calculated for data analysis. The κ statistic between the three readings for the readings was κ > 0.889, indicating excellent concordance (P values < 0.001). We did not differentiate between nuclear and cytoplasmic staining of survivin. The percentages of cells expressing survivin were classified as normal (no reactivity or very few focally positive cells) versus altered (>10% cells expressing survivin). We assessed the discriminative value of survivin as continuous and categorical variable with serial increments of cutoffs ranging from 5% to 90% positive cells with regard to bladder cancer prognosis (data not shown). Cox regression analyses revealed that the survivin cutoff of 10% was the best discriminator for both UCB recurrence and survival (data not shown). This cutoff is based on biological rationale and preliminary prognostic studies (12, 14, 15, (17) (18) (19) (20) (21) (22) (23) (24) . Survivin mRNA is selectively expressed during embryonic and fetal development (25) and becomes undetectable or expressed at low levels in most differentiated normal adult tissues such as bladder urothelium.
Statistical analyses. Outcomes were measured by time to disease recurrence or to cancer-specific survival. The cause of death was determined by the treating physicians, based on chart review corroborated by death certificates, or by death certificates alone. To reduce bias in attribution of cause of death, only subjects who had UCB listed in part I of the death certificate were considered to have died of UCB for this study. Perioperative mortality (any death within 30 days of surgery or before discharge) was censored at time of death for cancer-specific survival analyses.
Univariable recurrence and survival probabilities after cystectomy were estimated using the Kaplan-Meier method. Univariable and multivariable Cox regression models addressed time to recurrence and cancerspecific mortality after cystectomy. In all models, proportional hazards assumptions were systematically verified using the Grambsch-Therneau residual-based test (26) . Because a proportion of patients treated with radical cystectomy for invasive UCB died of other causes, competing-risk regression was used to test the significance of all the above variables in competing-risk regression models that predicted UCB-specific mortality after accounting for other-cause mortality (27) . The change in predictive accuracy resulting from the addition of survivin to standard predictor variables was quantified with Harrell's concordance index (28, 29) . The area under the curve was quantified using 200-bootstrap resamples (28, 29) . Predictive accuracy estimates were expressed as proportions and compared with the Mantel-Haenszel test. All reported P values are twosided and statistical significance was set at 0.05. All statistical tests were done with S-Plus Professional (MathSoft).
Results
Descriptive characteristics. Survivin expression was heterogeneous with predominant expression localized to the cell
Translational Relevance
Standard prognostic features such as pathologic stage and grade have limited ability to predict outcome of these patients. Accurate prediction of disease recurrence and survival is necessary for patient counseling, frequency and extent of monitoring, and adjuvant therapy planning. Molecular biomarkers predictive of outcomes could help clinicians provide individualized prognostications and allow risk-stratified clinical decision-making regarding adjuvant therapy. In this study, we found that the addition of survivin expression improves the predictive accuracy of competing-risk analyses for prediction of bladder cancer recurrence and survival following cystectomy for patients with pT 1-3 node-negative tumors by a prognostically and clinically significant margin. Stage pT 1-3 N 0 M 0 patients with normal survivin expression regardless of pathologic features have excellent survival rates and could be spared from unnecessary chemotherapy. Conversely, pT 1-3 N 0 M 0 patients with altered survivin expression have a worse prognosis and may benefit from early aggressive therapy such as adjuvant chemotherapy.
cytoplasm. Nuclear reactivity was also observed. Survivin was expressed in 359 of the 726 patients (49.4%). Clinicopathologic characteristics of 726 patients (full study cohort) and 398 patients with pT 1-3 N 0 M 0 (limited cohort) and their association with survivin expression are shown in Table 1 . Survivin expression was associated with advanced pathologic stage (P < 0.001 in both groups) and lymphovascular invasion (P = 0.001 and 0.004, respectively).
Association of survivin expression with cancer recurrence and cancer-specific survival in the full cohort (n = 726). Median follow-up was 53.3 months (range, 0.1-235.6 months). Disease recurred in 292 patients (40.2%), and 388 (53.4%) patients were dead at the time of analysis. Of the 388 deceased patients, 256 patients died of metastatic UCB and 132 patients died of other causes without evidence of disease progression. Figure 1A and B depict the overall probability estimates for recurrencefree and cancer-specific survival, respectively. Figure 1C and D depict the probability estimates for recurrence-free and cancerspecific survival, stratified by survivin expression, respectively. Survivin expression was associated with a higher probability of cancer recurrence [hazard ratio (HR), 1.8; log-rank P < 0.001] and cancer-specific mortality [HR, 1.88; log-rank P < 0.001]. Five-year cancer-specific survival was 70.4% [95% confidence interval (95% CI), 65.2-76.1%] versus 51.8% (95% CI, 46.4-58.0%) for patients with normal versus altered survivin expression, respectively.
Multivariable Cox proportional hazards regression analyses (Tables 2 and 3) showed that survivin was an independent predictor of cancer recurrence (HR, 1.64; P = 0.002) and cancer-specific mortality (HR, 1.63; P < 0.001). However, the addition of survivin to a model including standard clinicopathologic variables did not improve the predictive accuracy of these models for either disease recurrence or cancer-specific survival (changes in predictive accuracies: 0.2%, P = 0.67 and 0.7%, P = 0.27, respectively).
Association of survivin expression with cancer recurrence and cancer-specific survival in pT 1-3 N 0 M 0 patients who did not receive adjuvant chemotherapy (n = 398). Median follow-up was 57.0 months (range, 0.1-195.6 months). Disease recurred in 92 patients (23.1%), and 164 patients (41.2%) were dead at the time of analysis. Of these 164 patients, 79 patients (48.2%) died of metastatic UCB and 85 patients (51.8%) died of other causes without evidence of disease progression. Figure 2A and B depict the overall probability estimates for recurrence-free and cancerspecific survival, respectively. Figure 2C and D depict the probability estimates for recurrence-free and cancer-specific survival, stratified by survivin expression, respectively. Altered survivin expression was associated with an increased probability of cancer recurrence (HR, 2.2; log-rank P < 0.001) and cancer-specific mortality (HR, 2.2; log-rank P < 0.001). Five-year cancer-specific survival was 86.2% (95% CI, 79.8-90.7%) versus 72.9% (95% CI, 64.9-79.3%) for patients with normal versus altered survivin expression, respectively. Multivariable Cox proportional hazards regression analyses (Tables 4 and 5) revealed that survivin was an independent predictor of both cancer recurrence (HR, 1.88; P = 0.004) and cancer-specific mortality (HR, 1.83; P = 0.01). The addition of survivin to a model including standard clinicopathologic variables showed a statistically significant yet small improvement in predictive accuracies of these models (changes in predictive accuracies: 1.3%, P < 0.001 and 1.2%, P < 0.001, respectively).
Discussion
Survivin is a multifunctional protein that inhibits apoptosis, regulates cell division, and promotes angiogenesis. A unique property of survivin is its sharp cell cycle-dependent expression at mitosis (11, 12, 25, 30) . Survivin expression has been associated with inhibition of cell death initiated via both extrinsic and intrinsic apoptotic pathways (12) partly through upstream regulation of mitochondrial-dependent apoptosis (31, 32) . Its expression correlates with clinical phenotypes typically associated with apoptosis resistance, including low apoptotic index, resistance to therapy, and accelerated relapses (12) . Various studies have shown that targeting survivin via antisense, ribozymes, small interfering RNA sequences, or dominant-negative mutants results in caspase-dependent cell death with suppression of tumor-associated angiogenesis and anticancer activity (12, 13) . In this context, survivin inhibition has also been shown to produce defects in chromosome segregation, cytokinesis, and cell division (33, 34) as well as suppression of angiogenesis (31, 35, 36) .
Various small retrospective studies suggest that measurement of urinary or tissue levels of survivin may be valuable in UCB diagnosis, prognosis, and prediction of response to intravesical or systemic therapies (14) . We have shown previously that survivin expression is independently associated with cancer progression and mortality in a single-institutional retrospective study of 222 patients treated with radical cystectomy (15) . Although encouraging, single-institutional marker studies are not adequate for definitive evaluation of the predictive ability of any single marker. Independent, large multi-institutional studies are needed to fully evaluate prognostic markers and decrease the chance of overestimation of the predictive power of a marker (37) (38) (39) . Therefore, we sought to externally validate our previous findings in a large multi-institutional cohort of patients treated with radical cystectomy. In addition, we tested whether survivin improves on the prediction that can be obtained through optimal combination of standard histopathologic features.
We confirmed that survivin is an independent predictor of disease recurrence and cancer-specific survival in patients treated with radical cystectomy and bilateral lymphadenectomy for UCB (14, 15) . Patients with altered survivin expression had a 1.6-fold increased risk of both cancer recurrence and mortality Fig. 1 . Kaplan-Meier plots of 726 patients treated with radical cystectomy and bilateral lymphadenectomy, showing the probability of (A) overall recurrence-free survival and (B) overall cancer-specific survival and the probability of (C) recurrence-free survival and (D) cancer-specific survival stratified by survivin status.
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Clin Cancer Res 2009;15(22) November 15, 2009 www.aacrjournals.org after radical cystectomy. However, the question of whether a biomarker can improve the ability of established predictors of cancer outcome requires that it adds unique predictive information, thus improving the performance of a predictive model constructed without the new biomarker by a significant margin (9, 40, 41) . Many prognostic factors add minimal information to what can be obtained by optimally combining a set of standard factors (42) . Unfortunately, when evaluated in all patients, we found no statistically or clinically significant benefit to adding survivin to standard histopathologic features for prediction of outcomes after radical cystectomy. However, although adjuvant chemotherapy is usually administered to patients with locally advanced UCB (43) (44) (45) , the use of such treatment is not standard of care for patients with pT 1-3 N 0 M 0 . Unfortunately, 79 patients (19.8%) of these patients died of metastatic UCB. Therefore, accurate prediction of disease recurrence and survival is necessary for individual patient counseling, frequency and extent of monitoring, and adjuvant therapy planning in patients with pT 1-3 N 0 M 0 disease.
We found that addition of survivin expression improved the predictive accuracy of competing-risk analyses for prediction of both cancer recurrence and survival in pT 1-3 N 0 M 0 patients by a small but statistically significant margin. This increment in predictive accuracy seems too small to support giving patients with altered survivin adjuvant chemotherapy. Based on our data, we cannot explain why survivin improved the predictive accuracy only for the pT 1-3 N 0 M 0 subgroup and not for the whole cohort. We speculate that most patients with more advanced disease (T 4 and nodal/systemic metastasis) may already have survivin overexpressed due to a later stage in the molecular pathogenesis process potentially expressing other molecular characteristics related with progression and metastasis. The effect of these patients with more advanced molecular profile would have caused the lost of significance in the whole cohort.
There are many molecular crossroads that can increase the likelihood of cancer spread such as molecules involved in cell cycle progression (6), cellular proliferation (46) , and apoptosis (23) . It is unlikely that a single marker can be relied on to Table 3 . Univariable and multivariable competing-risk analyses predicting the probability of cancer-specific mortality in 726 patients treated with radical cystectomy and bilateral lymphadenectomy provide a complete prognostic picture. Although single markers may serve in select cases, there is growing consensus that multiple (e.g., three to five) markers used either individually or as part of integrated panels will be required for most applications. UCB is a multistep genetic process wherein individual alterations of molecular determinants may have only a restricted role (7, 23, (47) (48) (49) . Whereas our study supports a limited value for survivin alone, combination with other biomarkers may enhance prognostication and prediction of treatment response in UCB. Promising candidate biomarkers that could potentially compose the prediction integrated panel would include those involved in cell cycle regulation (such as p53, pRb, p21, and p27) and cell proliferation (Ki-67) in addition to survivin. We and others have shown that structural and functional defects of these candidate biomarkers are common in human UCB and are associated with poor oncologic outcomes (6, 23, (46) (47) (48) .
The clinical utility of a diagnostic tumor marker can be greatly enhanced if the marker is also a therapeutic target. One of the most significant features of survivin is its differential distribution in UCB compared with normal tissues (12, 15, 19, 50, 51) . Similar to oncofetal antigens, survivin is strongly expressed in embryonic and fetal organs but is undetectable in most terminally differentiated normal tissues (12, 17, 25, 30, 52) . This selective expression of survivin in malignant versus normal tissues, together with its unique role in apoptosis, control of cell division, and modulation of angiogenesis, poises it as an excellent therapeutic target in UCB. Not surprisingly, inhibition of survivin expression and/or function by dominant-negative mutants, antisense cDNA, antisense oligodeoxynucleotides, or small interfering RNA constructs have been shown to inhibit tumor cell proliferation and markedly induce apoptosis (12, 13, 24, 53, 54) .
This study has several potential limitations. First and foremost are limitations inherent to any retrospective data collection. The sample size and variations in follow-up may have limited our ability to detect small differences. However, several large series have shown that UCB recurrence and associated mortality is most likely to occur within the first 3 years of surgery (2) (3) (4) (5) 55) . Another potential limitation is the reliability of immunohistochemical techniques. Immunohistochemistry suffers from many limitations. It is a semiquantitative tool that is highly dependent on a range of variables. Indeed, the quality of laboratory results is highly dependent on proper specimen collection handling procedures. As the specimens came from different institutions, we could not control for tissue processing, fixation, and storage. However, all specimens were obtained as fixed paraffin blocks that were stored at room temperature. We constructed tissue microarrays controlling for inherent variables of this procedure. We further standardized specimen handling, staining technique, choice of antibody, antibody concentration, as well as interpretation and stratification criteria as they were performed by the same team in the same laboratory conditions and location. In addition, one dedicated genitourinary pathologist reviewed all slides to confirm histopathologic features. Furthermore, to reduce the number of variables related to the immunohistochemical analysis and to allow reproducibility, we constructed tissue microarrays and used an automated autostainer and an automated scoring system based on bright-field microscopy imaging coupled with advanced color detection software. These techniques have been shown to result in experimental standardization and greater reproducibility (56) (57) (58) (59) . As quantitative immunohistochemistry using automated image analysis is becoming more prevalent in academic medical centers and large reference laboratories, these methods should be reproducible in these settings.
Finally, we did not differentiate between nuclear and cytoplasmic staining of survivin. It exists in different nuclear and cytoplasmic pools and the subcellular localization may reflect the relative amount of and/or regulatory effect of survivin and its splice variants (60) . The antibody used in the present study recognizes all currently known survivin variants as well as in full-length survivin product due to the existence of an identical amino-terminal peptide (73 amino acids; ref. 22) . It has been proposed that the nuclear pool of survivin is involved in promoting cell proliferation, whereas cytoplasmic pool of survivin may participate in controlling cell survival but not cell proliferation (22, 60) . However, further molecular characterization of the functional mechanism and subcellular localization of survivin and its variants is needed to clarify their differential role in cancer cell survival and proliferation. 
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